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DISCRETE-TIME PILOT MODEL
by Daniel CAVALLI

Office National d’Etudes et de Recherches Aérospatiales (ONERA)
92320 Chdtillon (France)

SUMMARY

The objective of this paper is to demonstrate the originality of our approach with
regards to already existing pilot models and to present recently obtained results.

We consider the pilot's behavior as a discrete-time process where the decision making
has a sequential nature. This model contrasts very clearly with previous approaches namely
the quasi-linear model which follows from classical control theory and the optimal control
model which considers the human operator as a Kalman estimator-predictor. We also consi-
der that the pilot’'s objective may not be adequately formulated as a Guadratic cost func-
tional to be minimized, but rather as a more fuzzy measure of the closeness with which
the aircraft follows a reference trajectory.

All model parameters, in the digital program simulating the pilot’s behavior, have been
successfully compared in terms of standard-deviation and performance with those of pro-
fessionnal pilots in IFR configuration. The first practical application of our pilot model has
been the study of its perfermance degradation when the aircraft model static margin
decreases.

I. INTRODUCTION

Research on human operator models and especially on models of spacecraft, aircraft
and helicopter operators has often been influenced by the current state-of-the-art. Before
further investigation, the human operator appears as highly adaptative, versatile, complex
and sufficiently creative so that we can always recognize in the diversity of all strategies
he may use, one we know well and want to find.

The first approach to the problem was from the control specialists of the 1950's,
attempting, at the beginning age of servomechanisms, to apply their basic tool, namely the
linear transfer function of a phase lead regulator (ref. 1). These studies relied heavily on
simulation techniques using analog computers,

One of the most-commonly accepted representations is the quasi-linear model of
McRuer (ref. 2, 3, 4) so named because it represents the human operator by a linear trans-
fer functic.,, plus a remnant to describe that part of the human response that is not pre-
dicted by the linear approximation. The transfer function is essentially the result of an
approximation to the first harmonic and the remnant accounts for higher-order effects and
for other modeling errors. The most celebrated result from the above study is probably
the "'cross over model” which is based on the fact that the human operator adjusts the
parameters of his own transfer function so that his open-loop response satisfies the closed-
loop stability conditions with a reasonable error.

At the same time sampled-data models have been proposed (ref. 5). This type of mo-
dels is suitable for numerical computation on digital computers. However, the assumption
of fixed-rate sampling apnears as a weakness of this representation.

An alternative to the quasi-linear moaal has been developed by' !)(Iginman, Baron and
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Levison (ref. 6, 7, 8). This approach is based on advanced optimal control and estimation
theory with the assumption that the well-trained human controller behaves in an optimal
manner subject to his inherent limitations and contraints and the requirement of his task.
However, is the human operator only a Kalman estimator whose objective may be formu-
lated as the minimization of a given criterion ?

These modeling studies have advanced a great step forward when becoming interdisci-
plinary through the involvement of psychologists in the research teams. These scientists can

short-term response. The caonventional approach and the purely psychological one are curren-
tly merging (ref. 13). Without repudiating previous philosophies, our current approach tries
to make a synthesis of them and develop the model of a human operator based on a new
and more accurate analysis of the aircraft pilot's behavior (ref. 14, 15, 16, 17).

1. ANALYSIS OF THE PILOT'S BEHAVIOR

pulls on the control stick with a force he judges as correct while requesting his arm,

through another loop, to sense the applied force. Stick motion is stopped when the pilot
feels that the desired force has been applied.
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Hence, the decision center (the brain) puts successively into action various loops while

asking for further information from the human sensor, Three types of loops may be consi-
dered (fig. 2),

FLIGHT TECHNIQUE OECISION CENTER INTERNAL LOOP

(CENTRAL BRAIN)
- CHOICE OF -
e I e Nl P ey n W 2 ERROR |~eie comrocel
[AVALYSIS ANALYSIS D ANALYSIS oV X
X
GUSTS
SENSOR SENSOR SENSOR
t Contro/ forces
Fig 2 - Attitude angles AIRCRAFT
Position speed

= outer loops controlling the parameters related to the short-term safety, i.e. flight path,
position and speed,

— loops controlling the parameters related to the immediate safety, i.e. the attitude an-
gles, angle of attack, etc .... Y
— finally, the inner loops controlling the forces applied to the controls.

It should be noted that there is only a single loop in operation at a given time and
this is one of the mast fundamental differences between a human pilot and on autopilot,
The selection of the currently operating loop is made by the decision center (brain) which
designates the selected sensor to collect and transmit the necessary information through an
internal loop (fig. 1).

An immediate tonsequence of this analysis is that it is impossible to determine direc-
tly the pilot's workload : at the presunt time, it seems virtually impossible to follow in
detail the processing of data taking place within the brain.

Another consequence is ‘hat it is useless to determine experimentally a transfer func-
tion representing *he pilot’s behavior since there is not one, however complex, but a series
of transfer functions used sequentially in an order determined by scanning of the various
displays. This scanning itself depends on certain data, the environment, the pilot's training,
etc... , that is partially on random phenomena. This random nature must be accounted for
into some part of the pilot’s behavior mode!.

. RESPECT OF THE CONTROL LAW

The control law, which is the keeping of permissible deviations of the controlled para-
meters with respect to the nominal flight path, ensures the immediate safety as well as the
short-term safety. This law is used by the pilot as # guideline, it depends on the objective
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set by the pilot
execution.

and on his ability to adapt himself to the conditions of the flight phase

First, the objective set by the pilot may not be formulated in the form of a criterion
(as proposed by Kleinman, Baron and Levison (ref. 6, 7, 8)).The pilot is
being, nor a well-trained monkey who as it is well known, does a better
work than a human operator when his task is that of a robot. The human brain can col-
ber of quantitative and qualitative data, some of them being only sensa-

is able to built a model of the situation, to compare it with typical situa-
mory, and decide upon an action even if the case has not been foreseen.
Then, the objective is much fuzzier : it consists on controlling the plane to reference flight
possible to the nominal flight path. This reference corresponds to the
pilot’s learning and his know ledge of the plane.

to be minimized
neither a perfect

lect a great num
tions. The brain
tions held in me

path as close as

The pilot possesses rathe
the nature of his control co

of operating image or internal mode. The pilot
of the aircraft which permits him to predict its short-term response given his previous

actions,

This concept of internal
human pilot’s control, as op

Taking into

following conditions to be as

r remarkable capabilities of adaptation which are evidenced by
mmands. An interpretation of this adaptability is the concept

possesses a probably very simplified model

model permit us to account for the predictive nature of a
posed to conventional autopilots.

IV. CHOICE OF A MULTILOOP SEQUENTIAL MODEL

account the above considerations, a mathematical model must satisfy the

close as possible to the human pilot's behavior (ref. 15).

a) The elementary activities of data collection, development of correction procedures
and actuation of controls occur sequencially and not simultaneously as in continuous type

models,

b) The various control loops must be i
well as the nature and number of obse

dentified according to the type of aircraft as
rved parameters. The type of each loop must be

defined, namely as flight path loop relating to short-term safety, attitude loop relating to
or loop relating to the control action (see fig. 2).

immediate safety,
¢) The insta

nts of time when the

various loops are activated are not defined in a

deterministic manner but are partially random (Poisson process). Only a single loop can be
given time and the piic? applies rules based on his proficiency and per-
from one loop to another or to monitor the instrumant panel. These rules

in operation at a
sonal experience

are not strict and depend on the pilot’

process of selecting among the various loops is
and is fully ignored in single loop modaels.

d) The model must be concei
ters be adjustable from one

s judgment. Definition of a precise model for the

one of the most difficult problems to soive

ved in such a way that its various characteristic parame-
model of aircraft to another within a given type of aircraft,

Obviously, the model for a Mach-2 fighter is necessarily different from that of a conven-
tional subsonic aircraft.

e) Finally, the model must provide a gocy

Research on

such a multiloop model called

quential nature, has been carried out in France,

Recherches Aéros,

patiales — French National Aer

{ref. 16, 17) have led to the development of a
of a pilot of a heavy transport plane (Airbus A3008} and capable to perform a particular
flight path (final descent of an ILS approach). The model will scon be extended to make

evaluation of the pilot's workload.
"discrete-tine model” because of its se-

at ONERA (Office National d'Etudes et de
ospace Agency) since 1973, These studies
computar program simulating the behavior
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V. DESCRIPTION OF THE DISCRETE-TIME PILOT AODEL

In this model, it is assumed that, at a given time, the pilot can either make a decision

or carry out one of the following three elementary actions :
- actuate a control,
~ read an information on the instrument panel,
= monitor a given parameter displayed on a dial.

It is assumed that the pilot's strategy, that is the process of selecting among the va.
rious procedures of parameter correction, has a sequential nature and is a function of the
flight situation defined by the aircraf: type and condition, the flight phase and atmospheric
conditions.

Experimental data have led to distinguish between three levels of activity in the pilot's
operating mode (fig. 3). This classification is only an assumption, but seems to be close to
reality and corresponds to the three types of loops discussed above.

gidei o L

LEVEL | DEFINTION | oBJective | cosr
STRATEGY |[Choice of correction| Short . term Ments! load
7 procedures salety (decision)
CORRECTION Mlgorthmic sequence|  Immediate Mental load
PROCE DURE lof elementary actx safety (memorizetion)
ELEMENTARY)o Read indicator Physical load|
ACTION  |eAct on one control
eMonitor one diel

Fig 3 —~ Levels in operating mode.

The model selects the correction procedure to be used as a function of the followed
strategy. This procedure is further divided into a sequence of elementary actions (instry-
ment reading, monitoring of a parameter, action on a control) which are successively taken.

A dual integration is performed at each time in the model, namely the integration of
the equations of motion and the integration of the equatians describing the operating image
of the situation as memorized by the model.

In the proposed strategy, care has been exercised to make a clear distinction between
the selection of dials monitoring (a strategy with Markovian readings is used)and the selec.
tion of parameter correction procedures (a strategy with short term evaluation is used). The
differenciation between these two strategies is based on the concept of seriousness of the
instantaneous situation as perceived by the pilot’s model and defined by :

G(0) = Max. estimated devistion
on the main
parameters | permissible deviationl

This is the maximum ratio, over the flight path main parameters, between the estima-
ted deviation (as memorized or predicted by the internal model) of a given parameter and
its permissible deviation. The permissible cviations are determined experimentaily. If G(O)
is under a given minimum threshold of seriousness, the situation is evaluated as safe and
the model adopts the dial monitoring strategy ; if G(O) is above his threshold, the situa-
tion is evaluated as serious and the model applies the strategy of parameter correction
procedures (fig. 4).
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Strategy for ]
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Read Strategy for
necessary correction
Re;dmg parameters procedures
— 7 s
Procedure for

next correction

Fig. 4 — Overall strats gy.

As far as the strategy of dials monitoring is conce-ned, tha sejuence of observed dials
is governed by a matrix of conditional probabilities of reading ach instrument after ano-
ther one. This matrix is called “switching matrix”. After each instrument reading, the value
of a random variable determines which dial will be read next, depending on the switching
matrix. The sequence of reading times is regarded as a Poisson process. Figure 5 gives an
example of switching matrix in the case of the ILS approach phase of an Airbus A-300B.
This matrix has been determined experimentally by means of an electro-oculometer. In re-
trospect, were observed in this matrix the features of elementary monitoring rules during
IFR flight. For instance, the artificial horizon was mostly observed.
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Fig. § - Stracagy for dials monitoring.
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The strategy of the correction procedures is based on the fact that the human pilot
makes decisions depending on the short-term predicted evolution of the situation while

taking into account all previous actions.

The model has no access to the equations governing the aircraft dynamics but, by
using its operating image, it can predict approximately the short-term situation. This predic-
tion capability is used by the model to select the best correction procedure to implement,
each time it is necessary. This choice is made by developping a logical tree (fig. 6) in
which,

— the root is the memorized situation (So) ;
— branches are the correction procedures whose implementation is considered :
- — nodes other than the root are situation predicted from the root by means of the ope-
rating image while taking into account the intented correction procedures.

o INSTANTANEOQUS SERIOUSNESS
ETIMATED DEVIATION
GlMAX
o THEPE RM/SSIBLE DEVIATION

MAIN ]
PARAMETERS '

oSHORT-TERM MEAN SERIOUSNESS

.1
O le L, Gl

TR % A

oSELECTED PATH : PATH OF MINIMUM

\\ SHORT-TERM MEAN SERIOUSNESS
® FROM 0.

Fig. 6 — Strategy for correction procedures,

The instantaneous seriousness G(K) is computed at each node K. Considering that it
remains constant during the time Atl elapsed from the previous node to the node 1, the
model computes a short-term mean seriousness G(!) on each path leading to a terminal
node. To that end, the instantaneous seriousness is weighted by the time elapsed on each
branch and the resuit is divided by the tota! time elapsed on the path. The short-term
mean seriousness of a path (I, J) is then expressed by

L =—— D 6K - A
Hh -4 k=T

DN VB Mo AT S <A Gl

The mean seriousness of the best path G([!, J]) chosen at | is denoted G(l). This

choice is simply made by taking among all possible paths from | the one with the mini-
mum mean seriousness.

The path from the root with the minimum mean seriousness is then chosen and the
implementation of the correction procedure corresponding to its first branch can be ini-
tiated.

VI. PROGRAM APPLICATIONS

Two appli:ations have been made to validate this program. Both apply to the simu-
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lation of the final descent of the ILS approach phase for an Airbus A-300B. First, a statis-
tical comparison has been made between the performances of the model and those of pro-
fessionnal pilots. Secondly, the performance loss of the model when the static margin of
the simulated aircraft is decreased has been investigated.

VI,1. Comparison between the model and professionnal pilots 1

It is meaningless to compare the time responses obtained from the model and from
human pilots. As good as it may be, the match between the curves cannot be perfect. A
statistical comparison would be more meaningful. We have therefore chosen a comparison
between the standard deviation and the performance, which are defined below for the va-
rious flight parameters.

t, .
x*dt
Standard deviation ox = '/‘; |
3 ot
Performance Px = ¢/
./‘;'ledt i
where t is the duration of the final descent of the ILS approach phase. g
The results from the model have been compared to those of five professionnal pilots
performing final descents in IFR conditions on a flight simulator representing the heavy y
transport plane considered in this study. The comparison is illustrated in figure 7 ; it can ! N
be seen that the model exhibits a behavior close to the pilot's as far as the above defined ; ‘
standard deviations and performances are concerned. i :
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Glide path deviadion:  0,65°
® mod
model AV =+ 8 kts (Va = 137 kts)
Fig. 7 — Standard-deviations and performances, )
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VI,2. Application of the model to flight control with reduced static margin

One of the first practical applications of the model has been the study of its perfor-
mance loss when the static margin of the simulated aircraft decreases, i.e. when the center
of gravity moves backward, progressively destabilizing the plane. It appears that the perfor-
mance of the model decreases when the static margin is reduced, which seems realistic. The
loss of control occurs suddenly (fig. 8) when the workload resulting from a decrease in
static margin becomes excessive. The most interesting result of this study is that, whenever
control difficulties appear on the pitch axis, the overall aircraft control is impaired ; for
most of the cases losses of control occur on the transversal axis.

presentation for final
} 100 % good

I::I Normal
(I

Divergent

KO3  Out of bounds

Crash

static mardin(%e) |
74 20 15 10 5

Fig. 8 — Basic ILS approaches with reduced static margins.

VII. CONCLUSION

The model described in this paper is expected to be more conform to the actual
pilot's behavior than those of previous studies. It tries to make a synthesis between the
mathematical approach and the psychological approach through the introduction of the
aircraft internal model.

In the future, studies will attempt to introduce the concept of pilot adaptativity to a
new type of aircraft as well as the concept of learning which could take into account the
degree of professionnal development of individual pilots.
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